Abstract--Distribution coefficients (KDS) were measured by equilibrating a coal oil comparative reference material (CRM-1) with water and then separating the oil and water phases. Aqueous phase concentrations were determined by direct analysis of this phase, while organic phase concentrations were determined from the original oil composition by difference. The log K o values obtained for acidic and basic components were generally <3, while those for the neutral components ranged from 3 to 6. For aromatic hydrocarbons, strong correlations were observed between log KD and log Sw (water solubility), and between log K o and log Kow (octanol/water partition coefficient). Alkylated benzenes had significantly higher Kos than did unsubstituted aromatics of similar molecular weight. Examination of homologs revealed an increase of 0.307 IOg KD units per additional carbon atom for polynuclear aromatic hydrocarbons having from 10 to 16 carbons. Alkyl substituent effects determined for various sets of homologs ranged from 0.391 to 0.466 log K~ units per --CH 2-group added.
INTRODUCTION
Coal oil produced through liquefaction is an important potential energy resource for meeting future energy needs. Toxicity studies of coal-oil-related materials have indicated that significant health and environmental hazards would be associated with large-scale production and transport of coal oil. In particular, acute and chronic toxicities in aquatic systems were found to be much more severe for coal oil than for petroleum products. Toxicity has been correlated to the high water solubility of many coaloil components such as phenols, anilines and pyridines (Dauble et al., 1981; Giddings and Washington, 1981; Gray et al., 1982; Giddings et al., 1985) . Therefore, knowledge of the behavior and persistence of these materials in aquatic systems is important for evaluating hazards associated with the commercialization of coal conversion processes.
The distribution coefficient, KD, is a useful parameter for assessing the transport and persistence of pollutants in aquatic systems. It can be used to estimate aqueous concentrations of contaminants and to predict bioconcentration factors and environmental toxicities for specific pollutants (Neely et aL, 1974; Chiou et al., 1977; Hansch, 1980; Chiou, 1985) . KD has also been shown to be important for predicting the rates (Herbes et al., 1983) and extent (Southworth and Keller, 1984) of dissolution of organic *Author to whom correspondence should be addressed.
constituents of coal-oil films and sludges into water, and for designing water treatment systems for synthetic fuel and coal-coking wastewater streams (Walters and Luthy, 1984a, b) .
Coal oils are extremely complex organic materials that contain acidic (phenols), neutral [polynuclear aromatic hydrocarbons (PAH) and N-, O-, and S-heterocyclic compounds] and basic (amines and azaarenes) components. Aqueous solutions produced by equilibrating coal oil with water contain these chemical classes in much different proportions than in the original oils due to differential partitioning (Picel, 1985) . Polar components are greatly enriched in the aqueous phase with respect to nonpolar components. As a result, phenols, anilines, pyridines and, to a lesser extent, 1-to 2-ring aromatic hydrocarbons predominate in aqueous solutions.
In this study, KD values were measured for a large number of components of the major chemical classes of a coal oil reference material, CRM-1. After CRM-1 was equilibrated with water, the aqueous phase was isolated and analyzed. Oil phase concentrations were obtained from analysis of the original oil by difference.
Partitioning of PAH and alkylated benzenes was examined in detail because of particular interest in their toxicity and complex behavior in aquatic systems, and for the purpose of understanding the thermodynamics of the coal-oil/water system. Using data for homologs, the thermodynamics of partitioning of PAH and alkylated benzenes is probed through correlations of K D with water solubility, Sw, and with Kow, the distribution coefficient in the octanol/water system. In addition, partitioning of coal-oil PAH as components of a complex organic mixture is discussed, and aqueous phase activity coefficients are compared to reported values.
EXPERIMENTAL APPROACH

Materials
CRM-1 was obtained from the U.S. Department of Energy/U.S. Environmental Protection Agency Fossil Fuels Research Materials Facility at Oak Ridge National Laboratory. Chemical standards (>97% pure) were purchased, with few exceptions, from Aldrich Chemical Co., Inc. (Milwaukee, Wis.), and were used without further purification. Silica gel (t00/120 mesh) was purchased from Alltech Associates, Inc. (Deerfield, Ill.) and alumina (80/200 mesh, Brockman Activity I) was purchased from Fisher Scientific Co. (Pittsburgh, Pa). High-purity water was prepared by passing distilled water through an activated carbon column. Solvents were high-purity grade and were purchased from Burdick and Jackson Laboratories, Inc. (Muskegon, Mich.).
Equilibration
Equilibrated coal-oil/water solutions were prepared by adding raw CRM-l to water (2 g l-l) in l-gal solvent bottles and stirring the solutions constantly with a magnetic stirring bar for 5 days at room temperature (21°C). A large waterto-oil ratio was chosen to simulate a spill condition, and to provide sufficient aqueous sample for analysis. The 5-day mixing period was assumed to be sufficient to attain equilibrium based on preliminary data for phenanthrene, which showed no increase in aqueous concentration between 5 and 24 days of mixing. The pH of the solution was near neutral. Extreme pH (<4 and > 10) would affect the partitioning of acidic or basic species, but little effect is expected in the normal range .of environmental pH.
After equilibration, the coal and aqueous phases were separated by passing the mixture through a coarse glass frit and then through a 0.45-#m membrane filter (type HA, Millipore Corporation, Bedford, Mass.) for final clarification of the mixture. The resulting solution was clear and colorless, and contained no visible oil droplets.
As pointed out by Walters and Luthy (1984b) , filtering through a 0.45-gm filter represents an operational definition of the two dissimilar phases produced (oil and water in this case and suspended solids and water in their case). While acknowledging this fact, the thermodynamic data obtained in this study suggest that a good separation of phases was effected by this technique. Losses due to sorption to the filtering apparatus were minimized by filtering a large amount of sample in each pass. Small losses have a minimal effect on log KD which is used in thermodynamic correlations.
pH fractionation
Acidic, basic and neutral components were isolated by pH-adjusted liquid/liquid extraction (Stamoudis and Luthy, 1980) . Basic and neutral components of the aqueous oil samples were extracted with CH2CI 2 after pH adjustment of the sample to /> 12 using NaOH. The acidic components were then extracted from the high pH aqueous layers with CH2CI 2, after lowering the pH to ~<2 with HCI. The basic components were isolated from the basic/neutral extract by partitioning with aqueous HCI (pH ~< 2). (The CH2C12 layer contained the neutral components.) This procedure was followed by back extraction of the bases from the aqueous phase with CH2C1 :, after adjusting its pH to /> 12 with NaOH. The same fractionation procedure was used for the raw oil samples, except that the sample material was first dissolved in CHECI 2 and the acidic components were partitioned into an aqueous NaOH phase.
Adsorption chromatography
The neutral components from the pH fractionation step were subfractioned into major chemical classes on silica gel. Silica gel (10g, 150 ° activation) was packed dry into a l × 40 cm glass chromatography column, and then wetted with CH2C12 and preeluted with 40 ml pentane. The neutral fraction (not more than 350 mg) was exchanged into cyclohexane (2 ml) and added to the head of the column. Four polarity fractions (B l-B4) were then eluted with the following eluents: 20% (v/v) CH2CI 2 in pentane (Bl), 40% (v/v) CH:Cl 2 in pentane (B2), ethyl ether (B3) and methanol (B4). Fraction B1 contained the aliphatic and aromatic hydrocarbons and B2 contained the neutral azaarenes. Fractions B3 and B4 represented two higher polarity cuts that were not characterized in detail.
A 4-to 6-ring PAH fraction was isolated from the Bl fraction of the original oil sample on an alumina (10 g, 2% water deactivated) column. The sample was added to the column in cyclobexane. The aliphatic and l-to 3-ring aromatic hydrocarbons (CI) were then eluted with 10% (v/v) CH2C12 in pentane, followed by elution of the 4-to 6-ring PAH (C2) with 60% (v/v) CH2CI 2 in pentane. Figure 1 is a schematic diagram of the overall fractionation procedure. The distribution of sample mass among the various fractions from adsorption chromatography and from the initial pH fractionation step was determined by microgravimetry, using a CAHN 25 Electrobalance for both the raw-oil and aqueous-oil samples.
GC /MS analysis
Fraction components were identified using electronimpact GC/MS [Hewlett Packard (HP) Model 5984A mass spectrometer equipped with an HP Model 5934A data system and an HP Model 5840A GC]. Spectra were obtained from 40 to 320 a.m.u, with an ionization energy of 70eV and a source temperature of 170°C. The GC was equipped with a split/splitless injector (280°C), a heated transfer line (250°C) and a cryogenic unit for subambient cooling. Injections were made in the splitless mode. Separations were performed on a 50 m x 0.32 mm i.d. fused silica capillary column with an OV-101 stationary phase, using helium as the carrier gas. The temperature program consisted of a 2-min hold at 30°C, followed by a 4°C min-i ramp to 270°C, which was held for 20 min. Spectra were identified by comparison with standard reference spectra. Isomers of the numerous alkyl-substituted compounds were identified by alkyl carbon number and elution order, due to the unavailability of specific standards.
GC analysis
The multiple fractions produced were analyzed on an HP 5880A GC equipped with a split/splitless injector, a flame ionization detector (FID) and a Level Four BASIC data system. Column and oven conditions were the same as those described for GC/MS analysis.
The GC runs were automatically processed by the GC data system, which used a calibration table created from GC/MS identifications to locate and quantify sample constituents. Quantification was based on response factors determined by using a representative standard for each fraction. This approach was possible because of the homogeneous chemical composition of the fractions analyzed and the uniform response of the FID to members of the same chemical class (Tong and Karasek, 1984) . Furthermore, exact response factors are not required for measurements of K D. The GC analysis reports were transferred electronically to an IBM 3033 mainframe computer, where the data were processed using Statistical Analysis Systems (SAS) programming. 
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EXPERIMENTAL RESULTS
Bulk composition
The distribution of CRM-I sample mass among the acid, base and neutral fractions and among the neutral fraction subfractions from silica gel is given in Table 1 for both the raw-oil and aqueous-phase samples. The bulk of the raw oil is made up of neutral components, of which > 75% are hydrocarbons, and of which >90% are aromatic. The neutral azaarene fraction and the two higher polarity fractions are relatively minor subfractions. Approximately 60% of the oil is accounted for by the GC analysis. The remaining 40% is nonrecoverable or nonchromatographable material.
The acidic components are the next largest fraction of oil, and consist mostly of (C0-C3)-phenols. Some of the more alkylated (C3-C6)-phenols appear in the ether subfraction (B3) of the neutral components. The basic fraction represents a relatively small percentage of the oil and is made up primarily of pyridines, anilines and quinolines.
The distribution of mass in the aqueous phase is much different from that in the original oil (Table 1 , columns 1 and 2). The acidic components (phenols) are enriched with respect to the original oil and are clearly predominant. Conversely, the percentage of total mass of the neutral fraction in the aqueous phase is reduced by a factor of three with respect to that of the original oil. More significantly, its hydro- *Raw CRM-1 was equilibrated with water at 2 g l ~. tThis value is probably low because of the low extractability of this fraction from water. carbon subfraction (B1) is reduced almost 50-fold. The relative contributions of the basic fraction and the polar neutral subfractions (B2-B4), are about the same in both the aqueous and oil phases.
Distribution coefficients
The KD, which is defined here as the equilibrium concentration of component i in the oil phase divided by that in the aqueous phase, was determined from the following equation:
KD (mass Oiiorig) --(mass Oilaq) (1) (conc. iaq)
The aqueous-phase concentrations (conc. iaq) of each component were measured directly. The concentrations in the corresponding equilibrated-oil phase were calculated from the amount of each component in the original oil (mass /oil) by subtracting the amount of the component found in the aqueous phase (mass iaq) and then dividing by the mass of the original oil less the amount of oil that dissolved in the aqueous phase (22%).
This approach was suitable for relatively insoluble components, but was not applicable when > 80% of a component was in the aqueous phase. Above this level, the concentration of the component in the oil phase had an unacceptably high uncertainty based on an average precision for individual concentration measurements of 5.2%. The 80% level corresponds to a log Ko lower limit of 2.2 determinable by this technique. In cases involving highly soluble acidic and basic components, Ko values are not reported. Tables 2 and 3 list the major components of the acid and ,base fractions, respectively, and present their concentrations in raw CRM-I and in aqueous CRM-1, and their corresponding log KD values. The data for alkyl-substituted isomers were combined for a given alkyl-substitution number so that the distribution behavior of the isomeric groups as a whole could be better represented, and because it was not possible to identify more than a few specific isomers.
The acid fraction consisted almost entirely of (C0-CD-phenols. Because of their high water solubilities, few of the acidic components had measurable KD values (log Ko > 2.2). In the base fraction, pyri- (1983) , also using CRM-I, reported log KDS for (C0-C3)-phenols in the range of 0.3-2.3, and for (C0-C3)-anilines, 1.7-3.4. Tables 4 and 5 give the chemical composition and distribution data for the neutral aromatic hydrocarbons and S-, O-and N-heterocycles, respectively. Alkyl-substituted isomers are grouped by alkyl carbon number. The aromatic hydrocarbons and O o and S-heterocycles consist primarily of 1-to 3-ring compounds and their alkylated derivatives. The neutral N-heterocycles (azaarenes) consist almost entirely of (C0-C3)-indoles and (C0-C0-carbazoles.
Overall, the aromatic hydrocarbon fraction was highly insoluble in water, with few components having more than 1% of their mass in the aqueous phase. Log K D values ranged from 4.25 for toluene to 6.28 for pyrene. The indoles and carbazoles were significantly more soluble than the hydrocarbons owing to dipolar interactions between the heterocyclic nitrogen moiety and water, but still resided primarily in the oil phase. Log KD values ranged from 2.36 for indole to 4.18 for C~-carbazoles. The two higher polarity cuts from the silica subfractionation of the neutral fraction were analyzed only gravimetrically. Table 1 shows that they were relatively minor fractions of the original oil. These higher polarity fractions were not analyzed for individual components primarily because they were not chemically homogeneous fractions and because they were generally not amenable to analysis by GC. In fact, only a few percent of the methanol fraction (B4) mass could be analyzed by GC. Four replicates of the raw CRM-1 samples and three replicates of the aqueous-oil samples were run through the preparation procedure and analyzed in duplicate by GC. The measured concentrations covered three orders of magnitude in both the coal-oil and aqueous-coal-oil samples. The average relative SD for all measurements was 5.2%. Results of a PAH method recovery standard were pyrene, 97%; chrysene, 95%; and benzo(a)pyrene, 95%.
DISCUSSION
The K D values reported are particularly useful for modelling the behavior of hydrophobic compounds in multiphase aquatic systems. Because of the high ratio of aqueous volume to organic volume in most systems, most of the mass of nonhydrophobic organic components (for this discussion, log K D < 2) will exist in the aqueous phase and tend to remain there until degraded. Hydrophobic compounds, on the other hand, will tend to leave the water column and distribute themselves among the various organic phases available.
Partitioning of hydrophobic PAH and alkylated benzenes is of particular interest due to the abundance of these substances in coal oil and their toxicity and persistence in aquatic systems. The thermodynamics of partitioning of these two chemical groups can be examined through the log Kos of homologs by correlating log K D with other thermodynamic properties. A large body of data exists on the solubilities of hydrocarbons in water and on their distribution coefficients in the octanol/water system, the thermodynamics of which have been investigated thoroughly.
The K Ds measured in this study can be correlated thermodynamically to S,s Valvani, 1979, 1980; Chiou et al., 1982a; Miller et al., 1985) and, through linear-free-energy relationships, to Kows (Leo et al., 1971; Campbell et al., 1983) . The systems developed for predicting Kows from molecular structure can therefore be extended to important groups of compounds in the coal-oil/water system.
Correlation of K D with water solubility (S,,.)
Following Chiou et al. (1982a) , and substituting KD for Ko,, the distribution coefficient can be related to the water solubility of a liquid solute by equation (2) spectively. The subcooled liquid solubility can be obtained from the solubility of the solid through the ratio of the fugacities of the solid and reference (subcooled liquid) states which can be calculated using standard thermodynamic methods (Mackay and Shiu, 1977; Yalkowsky and Valvani, 1980; Chiou et al., 1982a) . Assuming that the activity coefficients in oilsaturated water are not significantly different from those in pure water, and the solute has ideal solubility in the water-saturated oil phase, the last terms in equation (2) drop out leaving a linear relationship between log KD and log S, with a theoretical slope of minus one and an intercept of -log V*~.
The relationships between log KD and log S, for PAH and alkylated benzenes from coal oil are shown in Fig. 2 . Since many of the compounds included are solids at room temperature, solubilities of the hypothetical subcooled liquids are used (Mackay and Shiu, 1977; Chiou et al., 1982a) . The ideal line in Fig. 2 is based on a molar volume of oil calculated from a density of 0.99 g ml ~ and an estimated molecular weight of 150 g mol-1.
The regression line for the PAH in Fig. 2 is represented by equation (3), logK D = -1.01 logS,+ 1.12 (r = --0.979, n = 7). (3) S, is the solubility of the liquid, or for solids, the subcooled liquid, Vo* l is the molar volume of the water-saturated oil phase, ?*~ is the activity coefficient of the solute in the water-saturated oil phase, and 7" and ?w are the solute activity coefficients in the oil-saturated water phase and pure water, reThe slope of the correlation is nearly ideal. Chiou et al. (1982a) observed a slope lower than ideal (-0.862) for the relationship between log Ko~ and log Sw (Fig. 2) for a larger but similar set of compounds, which was attributed to increasing incompatibility of the solute with the water-saturated octanol phase (increasing 7*) with increasing molecular weight, and, to a lesser extent, to an increasing enhancement of solute water solubility by dissolved octanol with increasing molecular weight.
A comparison of slopes indicates that for the coal-oil/water system the effects due to dissolved oil in the water phase and nonideality in the oil phase are not nearly as large as the analogous effects in the octanol/water systems. This would be expected from the low level of dissolved oil in the aqueous phase, and from the similarity of the solutes and the organic phase in the present experiment.
The data for the alkylated benzenes plotted in Fig. 2 present an interesting picture. The regression line for log K D vslog Sw for C~-to C4-benzenes is given by equation (4), log KD = --1.01 log S~, + 1.91 (r = -0.982, n =4). (4) The observed slope is very near ideal, but the observed KDS are about an order of magnitude higher than those of PAH of similar molecular weight. This unexpected result is not likely to be due to an analytical error since the alkylated benzenes were present in the same fraction as the PAH, but instead, must be a function of the physical properties of these compounds. From the related data for C2-naphthalenes and indan, it appears that the relative size of the alkyl functionality is important. The exact nature of this "alkylation effect," at this point, is unclear.
The magnitude of log KD in these correlations can be interpreted from the intercepts, which, from the previous discussion, correspond to -log V*~. From the density of the oil (0.99 gml-~), then, one can calculate the average molecular weight (MW) of the oil. The intercepts from the PAH and alkylated benzene correlations translate to average oil MWs of 75 and 12 g mol -~, respectively, which are reflected in their displacement from the ideal line (MW = 150 g mol-l).
The calculated MWs are clearly lower than the true value, which we have estimated from the inventory of analyzable components (60% mass recovery). Assuming 150 g mol-~ is a reasonably accurate estimate, the calculated MW values are about half the ideal value using the PAH data, and only about a tenth of this value, using the alkylated benzene data. These discrepancies could arise in two ways. They could be real differences due to negative deviations from Raoult's law for the solutes in the oil phase, or they may be artificial differences arising from losses of solutes incurred on filtering (Eganhouse and Calder, 1976) . We suspect the latter is the more important cause, particularly for PAH, based on our observation in trial experiments that aqueous phase concentrations of PAH were sensitive to filter oil loading and filtering duration. Nonideality effects are somewhat more plausible for alkylated benzenes which show much greater deviations from ideality than the PAH, but such effects cannot be separated from filtering losses.
In the present experiment, every effort was made to clarify the oil/water mixture by mechanical means prior to filtering, however, some losses of hydrophobics to the filtering apparatus were inevitable. A reduction of solute aqueous concentrations by up to 50% would have a maximum impact of artificially increasing log KDS by 0.3, which is a relatively small effect for the hydrophobic solutes concerned. The effect on log Ko correlations should be minimal. Obviously, however, some care must be taken in interpreting the alkylated benzene data.
Correlation q/" KD with K,,w
The octanol/water reference system is widely accepted as the standard reference system for characterizing the partitioning behavior in biphasic systems. Kow values have been measured or estimated from molecular structure for thousands of organic compounds. Moreover, the system has broad applicability to solutes of wide ranging polarity, and the thermodynamics of the system have been studied in detail. Therefore, it is important that distribution coefficients measured in other systems be correlated to Kow. Such correlations have been termed linear free energy relationships (Leo et al., 1971; Campbell et al., 1983) .
In Fig. 3 , log KD values for alkylated benzenes and PAH (including indan and alkylated napthalenes) are plotted against log Kow. For both sets of compounds a very good correlation exists, although the two sets of data are, again, significantly displaced from one another. The empirical correlation for the PAH is as follows: and for alkylated benzenes is:
log KD -----0.937 Iog/Cow + 1.53
(r = 0.996, n = 4). (6) As was the case for the solubility correlation, the alkylated benzenes exhibited higher than expected log Kos. The same discussion as to the possible sources of this discrepancy in the solubility correlation would apply here.
The strength of the correlation of lOgKD with log Kow is important as it ties the coal-oil/water system to the octanol/water system for which data are so widely available. To a very good approximation, for PAH, log KD = log Kow + 1.
Solubility and partitioning of mixtures
When equilibrating a mixture of organic compounds, such as coal oil, with water, the possibility of cosolute effects on aqueous solubility must be considered. Because of the extremely low solubility of water in oil, it is not expected that dissolved water in the oil phase will have a measurable effect on solute activity coeffÉcients in oil (Burris and Maclntyre, 1986) . Even in the case of octanol/water partitioning in which water is present at a level of 2.3 M, its presence has only a small effect on solute solubility (Chiou et al., 1982a; Miller et al., 1985) .
Likewise, cosolute effects in the aqueous phase are also expected to be small. In studies of the solubilities of mixture of chlorobenzenes and other hydrophobic organics, Banerjee (1984) reported that mixtures of related hydrophobic organics had near ideal behavior in the organic phase, and aqueous phase activity coefficients were unaffected by the presence of cosolutes. The same conclusions were drawn by Burris and Maclntyre (1986) from studies on various hydrocarbon mixtures, and by Munz and Roberts (1986) in studies on chlorinated hydrocarbons. Eganhouse and Calder (1976) observed a slightly enhanced (~ 10%) solubility of acenaphthene when dissolved with naphthalene and/or phenanthrene, but all other combinations of aromatic solids exhibited either no effect or reduced solubilities which could be attributed to the formation of solid solutions. Based on the observations of these investigators, cosolute effects in the coal-oil/water partitioning are believed to be insignificant.
For mixtures of liquids and solids in which the solids are dissolved in the liquids, as is the case with coal oil, the mixture behaves like a mixture of liquids. Banerjee (1984) found, using melting point corrections, that solutions of solid and liquid chlorobenzenes behaved ideally. Coal oil would be expected to behave in the same way.
Activity coefficients (Tw) Referring again to the discussion of Chiou et al. Tsonopoulos and Prausnitz (1971) . ?Based on aqueous solubility (Mackay and Shiu. 1977) . ~Assuming a methyl group contribution of 0.58.
(1982a) of the octanol/water system and applying the same approximations (mole fraction in each phase equals the product of the molar concentration, C, and molar volume, V), and substituting coal oil for oetanol, the equilibrium condition is given by equation (7), c0 7*v* = --=
KD C~ 7" V* where Cw and Co, and 7* and 7* are the molar concentrations and activity coefficients of the solute in the water and oil phases, respectively, and V* and V* are the molar volumes of the two mutually saturated phases. Using the estimated average molecular weight of the oil phase, 150 g tool-~, and the density to the raw oil, 0.99 g ml-~, for that of the oil phase, V~' assumes a value of 0.1521mol 1. The aqueous phase activity coefficient, 7", can be calculated from equation (7), assuming yg' is unity, and substituting the molar volume of pure water for V*.
The log of the water activity coefficients for several PAH calculated in this way are compared to those reported by Tsonopoulos and Prausnitz (1971) in Table 6 . Except for toluene and indan, there is fairly good agreement between the two sets of values, and the agreement improves with increasing molecular weight. The agreement with literature values tends to support the assumptions of unit activity coefficients in the oil phase (with the exceptions of the alkylated benzenes) and the absence of cosolute effects in the aqueous phase. The aqueous phase activity coefficient, due to its insensitivity to temperature is the preferred parameter for correlating aqueous phase behavior and molecular properties (Tsonopoulos and Prausnitz, 1971 ).
Correlations of Ko or 7, with molecular structure
The logarithms of infinite dilution activity coefficients for members of homologous series have long been correlated to molecular structure (Pierotti et al., 1959; Cratin, 1968; Leo et al., 1971; Tsonopoulos and Prausnitz, 1971; Harris et al., 1973; and Shiu, 1977; Rekker, 1977; Yalkowsky and Valvani, 1979; Chiou et al., 1982b) , thus providing a thermodynamic basis for assigning structural group contributions to activity coefficients and therefore to distribution coefficients. In early work by McAuliffe (1966) on hydrocarbons, solubility was correlated to solute molar volume. This theory was refined by subsequent investigators who correlated solubilities or distribution coefficients to solute cavity surface areas to account for such effects as branching (Hermann, 1971; Harris et al., 1973; Reynolds et al., 1974; Yalkowsky and valvani, 1979; Leahy, 1986) . Distribution coefficients can be correlated to a number of solute carbon atoms (no) for families of homologs in coal oil. Figure 4 shows a linear relationship and the corresponding log Yw, log K o and nc for unsubstituted PAH from 10 to 16 carbons. The regression line is represented by equation (8) 
Tsonopouios and Prausnitz (1971) reported a slope of 0.358 for log y, as a function of the nc for condensed PAH. The present plot includes acenaphthene and fluorene which each contain a nonaromatic carbon and biphenyl which is a nonrigid aromatic compound. Apparently these structural differences do not have a large enough effect on log 7w to produce a significant deviation from linearity. Given the strength of the correlation between KD (or Ko,) and nc for condensed PAH, and the existence of a thermodynamic basis for such a correlation (correlations with cavity surface area), it is reasonable to extrapolate this relationship to PAH of higher no. Table 7 presents the aqueous phase concentrations for several PAHs of environmental interest calculated from estimated KDs from equation (8) and their concentrations in CRM-I. The projected concentrations are at the ng 1-1 level, which are consistent with levels found in natural waters.
Since alkyl groups (--CH2--) are responsible for a greater increase (by a factor of about two) in 7, than ring carbon groups (Mackay and Shiu, 1977) , alkylated aromatics should be correlated separately. In Alkyl group substituent effects for the four sets of compounds are quite consistent and apparently decrease in a narrow range with increasing polarity of the parent molecule. This is perhaps due to mixed hydrophobic and hydrophilic interactions between polar heterocyclics and water, whereas, the hydrocarbons are capable of only hydrophobic interactions. The alkyl substituent effect for substituted benzenes of 0.47 is in good agreement with the value of 0.5 reported by Leo et al. (1971) for substituted benzenes in octanol/water. Pierotti et al. (1959) and Tsonopoulos and Prausnitz (1971) both reported a value of about 0.6 for the effect of benzene alkyl groups on 7w.
The magnitude of the substituent effect for a given functional group in a given biphasic system is the difference between the effects of the substituent on solute compatability with water and the organic phase (Chiou et aL, 1982b) . It is apparent that coal-oil and octanol exhibit similar properties in this respect, because of the similarity of the alkyl substituent effect in both systems.
CONCLUSIONS
K D values vary widely within and between major classes of components of CRM-1, a coal-oil reference material. PAHs of environmental concern have high KD values, which reflect their tendency to accumulate in the organic phases of aquatic systems. Such behavior has important consequences regarding the fate and effects of coal-oil PAH. The tendency of PAH to accumulate in bottom sediments and living organisms increases their persistence and toxicity in aquatic systems, while reducing their availability for photodegradation (Picel et al., 1984) and volatilization.
Coal-oil/water partitioning behaviors of two important classes of aromatic hydrocarbons were examined in detail. It was found that K o values for alkylated benzenes and PAH were well correlated with aqueous solubility and octanol-water partition coefficients. It was also revealed that alkylated benzenes had higher KDS than would be expected from solubility data, or from values for PAH of similar molecular weight. The reasons for this observation are unclear. Perhaps further studies in this area would shed light on this matter.
PAH which are ordinarily solids at room temperature were found to behave like liquids in the liquid/coal-oil mixtures. That is, K D data for coal-oil PAH which are room temperature solids are correlated thermodynamically to their hypothetical subcooled liquid states, not their solid states.
Data for homologs revealed strong correlations of log Ko with chemical structure. Such correlations have been explained in terms of the increase in cavity surface area associated with the addition of a homologous group. Further data showed that the alkyl substituent effect was quite consistent over a range of chemical classes with varying polarity. The correlations developed here should be applicable to predicting KD s of aromatic hydrocarbons of various structures from coal liquids in general.
